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ABSTRACT 
Introduction 
Article 20 of the Tobacco Products Directive (EU-TPD) specifies that e-liquids should not 
contain nicotine in excess of 20 mg/mL, thus many vapers may be compelled to switch to lower 
concentrations and in so doing, may engage in more intensive puffing.  This study aimed to 
establish whether more intensive puffing produces higher levels of carbonyl compounds in e-
cigarette aerosols.  
Methods 
Using the HPLC-UV diode array method, four carbonyl compounds (formaldehyde, 
acetaldehyde, acetone and acrolein) were measured in liquids and aerosols from nicotine 
solutions of 24 and 6 mg/mL. Aerosols were generated using a smoking machine configured to 
replicate puffing topography data previously obtained from 12 experienced e-cigarette users.   
Results 
Carbonyl levels in aerosols from the puffing regimen of 6 mg/mL were significantly higher 
(p<0.05 using independent samples t-tests) compared with those of 24 mg/mL nicotine. For the 6 
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and 24 mg/mL nicotine aerosols respectively, means ±SD for formaldehyde levels were 
3.41±0.94, and 1.49±0.30 µg per hour (µg/h) of e-cigarette use. Means ±SD for acetaldehyde 
levels were 2.17±0.36 and 1.04±0.13 µg/h.  Means ±SD for acetone levels were 0.73±0.20 and 
0.28±0.14 µg/h.  Acrolein was not detected.    
Conclusions 
Higher levels of carbonyls associated with more intensive puffing suggest that vapers switching 
to lower nicotine concentrations (either due to the EU-TPD implementation or personal choice), 
may increase their exposure to these compounds. Based on real human puffing topography data, 
this study suggests that limiting nicotine concentrations to 20 mg/mL may not result in the 
desired harm minimalization effect. 
 
IMPLICATIONS 
More intensive puffing regimens associated with the use of low nicotine concentration e-liquids 
can lead to higher levels of carbonyl generation in the aerosol. Although in need of replication in 
a larger sample outside a laboratory, this study provides pragmatic empirical data on the 
potential risks of compensatory puffing behaviours in vapers, and can help to inform future 
regulatory decisions on nicotine e-liquid concentrations. The cap on nicotine concentration at 20 
mg/mL set by the EU-TPD may therefore have the unintended consequence of encouraging use 
of lower nicotine concentration e-liquid in turn, increasing exposure to carbonyl compounds 
through compensatory puffing.  
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INTRODUCTION 
A large body of evidence suggests that smokers regulate their nicotine intake to maintain 
a desired and constant blood nicotine level thereby optimising their levels of cognitive arousal, 
mood and performance.1 Considerable data lends support to this theory of self-titration (also 
known as compensatory smoking or self-regulation), suggesting that smokers adjust their puffing 
behaviours when given ‘light’ (low nicotine low tar yield) cigarettes.2–7 By increasing their 
puffing frequency, smokers can extract a greater amount of nicotine from light cigarettes 
compared to machine-yields. This, however, can increase exposure to carbon monoxide and tar 
(known to contain many carcinogens).6,8 Thus low yield nicotine cigarettes may not necessarily 
promote harm reduction.9 This assertion is further supported by recent data in which reduced 
nicotine content tobacco cigarettes did not lead to a reduction in expired carbon monoxide and 
urine 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) (major metabolite of the tobacco-
specific lung carcinogen (NNK), despite the reported decrease in cigarettes per day;10 implying 
that compensatory puffing may have occurred. Such compensatory puffing behaviour has 
recently been demonstrated in experienced vapers. In a study using a standardised 10-puff 
protocol, experienced e-cigarette users increased their puff duration following the use of 0 
mg/mL compared with 36 mg/mL nicotine concentration (but not with 8 or 18 vs 36 mg/mL)11.  
However, the fixed 10-puff protocol may have limited users’ ability to engage in compensatory 
puffing.  More recently,12 in two separate sessions, Dawkins et al. (2016) asked twelve 
experienced vapers to use a ‘Joyetech eVic’ tank-style (8.5 W) e-cigarette ad libitum in the lab 
for a period of 60 minutes. Participants were given high (24 mg/mL) and low (6 mg/mL) nicotine 
concentration liquids on two separate days in order to observe changes in puffing topography. 
Although plasma nicotine concentrations were significantly lower in the 6 mg/mL condition, 
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puff frequency and duration were longer, and the volume of liquid consumed almost doubled. 
This study, however, did not examine the effects of compensatory puffing on carbonyl levels in 
the aerosol. 
 Toxic substances and carcinogens reported in e-cigarette aerosols are at trace or very low 
levels in comparison to tobacco smoke.13–15 However, more intensive puffing patterns combined 
with higher voltage devices can lead to over-heating the atomiser coil,16 resulting in increased 
production of carbonyls such as formaldehyde, acetaldehyde, acetone and acrolein17,18 which are 
all listed by the FDA (U.S. Food and Drug Administration) as harmful or potentially harmful 
constituents (HPHC) in tobacco products and tobacco smoke.19  Formaldehyde is a known 
human carcinogen and acetaldehyde is classified as possibly carcinogenic to humans 
(International Agency for Research of Cancer, IARC).19 Acrolein and acetone are both classified 
as respiratory irritants and acrolein as a cardiovascular toxicant (FDA).19  Whether a more 
intensive puffing regime associated with using lower nicotine concentration liquid (as 
demonstrated by Dawkins et al., 2016), increases exposure to carbonyl compounds via aerosols, 
has not been explored.  
 This research is particularly timely due to the newly implemented (20th May 2016) 
European Tobacco Product Directive 2014/40/EU (EU-TPD), under which article 20 imposes a 
limit of 20 mg/mL on supply of all nicotine concentration e-cigarette products. By implication, 
vapers who require higher nicotine concentration will be compelled to switch to a lower nicotine 
concentration.  
 This study was designed to assess whether more intensive puffing regimens associated 
with compensatory behaviours produce higher levels of carbonyls in the e-cigarette aerosols. 
Human puffing patterns obtained in the Dawkins et al. study12 were mimicked using a smoking 
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machine and the aerosol composition was analysed. We hypothesised that at the higher nicotine 
concentration of 24 mg/mL, lower levels of carbonyl compounds will be produced due to the 
smaller volume of liquid consumed, in comparison to higher carbonyl levels associated with the 
more intensive puffing topography obtained with the 6 mg/mL nicotine liquid. 
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METHODS 
Human puffing topography data  
The human puffing topography data was taken from Dawkins et al. (2016). In two separate 
sessions, 12 experienced vapers were asked to use a ‘Joyetech eVic Supreme’ e-cigarette (output 
voltage fixed at 3.9 V equipped with an “Aspire Nautilus” tank set to the largest airflow housing 
a BVC atomiser with a resistance of 1.8 Ohm resulting in a power of 8.5W) ad libitum for 60 
min.  All participants were daily e-cigarette users and had used for more than 3 months, were 
currently using a tank-style device, familiar with 24 mg/mL nicotine concentration liquid (i.e. 
used 24 mg/mL at least once in the last 6 months), used a mean of 11 mg e-liquid per day and 
had a baseline salivary cotinine level > 100 ng/mL.  Participants were 12 h nicotine abstinent (as 
confirmed by blood nicotine levels measured at the start of the session). Using a double-blind 
counterbalanced design, participants were administered a high (24 mg/mL) and low (6 mg/mL) 
nicotine concentration on two separate days. Puffing topography (puff number and puff duration) 
was recorded by the eVic™ and downloaded to ‘My Vapors Joyetech 1.4’ (See Dawkins et al, 
2016 for the full protocol). 
 
E-cigarette 
The ‘Joyetech eVic Supreme’ was fitted with an Aspire Nautilus tank. The device was set up 
with the same parameters as the Dawkins and colleagues study (see above). Lithium-ion batteries 
(nominal capacity 2500 mAh) were charged for 24 h before each test and replaced when the 
devices indicated a decrease in charging level from 100 to 20%. Only fully charged batteries 
were used at the start of each test. The tank was filled with 3.5 mL nicotine e-liquid 24 hr before 
the experiment and refilled with 2.5 mL when levels dropped to 1 mL.  
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 Materials 
E-liquids  
For both the participants and for the smoking machine, nicotine liquids were selected by firstly 
identifying the ten most popular brands of nicotine liquid (search conducted of online retailers in 
January/ February 2015) which were available in nicotine concentrations of 6 and 24 mg/mL and 
in tobacco flavour. One member of the research team selected one brand (‘ROK Universal’) at 
random with 6 and 24 mg nicotine/mL (both Britannia blend tobacco flavour and the carrier 
vehicle comprising > 60% propylene glycol (PG) as stated on the label). To determine whether 
the carbonyl levels in the carrier vehicle were similar for both concentration products prior to 
aerosol production, analyses were performed on both 6 and 24 mg/mL nicotine solutions.  
 
 Aerosols generation 
Aerosols were generated using the automatic smoking machine Palaczbot (University of 
Technology, Lodz, Poland) as described previously.20 The e-cigarette was set to the smoking 
machine at an angle of 45 degrees due to the bottom coil.  
The smoking machine was programmed to mirror the puffing topography observed in the 
Dawkins and colleagues’ experiment (see Table 1). Note there was a slight discrepancy in the 
overall mean puffing topography due to one participant being removed from the final analysis in 
the Dawkins’ et al paper (due to problems obtaining blood samples) in which the human sample 
is reported as N = 11. In the current study all analyses were performed to include the original 
sample N = 12 as all 12 provided complete puffing topography information. 
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Taking into account the intensive puffing protocols used in this study, the number of puffs taken 
for one sampling tube was reduced from the standard 15-puff protocol used in our laboratory to 
14 puffs. This procedure was applied to avoid overloading the sampling tube after a series of 
puffing (the tube was validated for a maximum of 200 mg of aerosol generated per one sample). 
This protocol was required as the mean amount of aerosol vaporized by the user with 6 mg/mL 
was 1.06 g (200 mg/14 puffs).  
Inter-puff intervals (IPIs) were taken from the human puffing topography data in each condition. 
A second sorbent tube was serially connected to ensure all carbonyl compounds were trapped by 
the first tube. The e-cigarette was activated by the smoking machine exactly when the puff 
started and the aerosol was released immediately after the puff was completed. Aerosols from 
each e-liquid were tested five times and a different tank was used for each e-liquid.  
 
Carbonyl compounds analysis 
The method recommended by the U.S. Environment Protection Agency (EPA) (2003) was 
applied for the determination of carbonyl compounds  as described earlier.18 The most commonly 
reported carbonyl compounds were selected: formaldehyde, acetaldehyde, acetone and 
acrolein.13,15,16,18 The limits of quantification are as follows (per 50 µl and 14 puffs), 
formaldehyde, acrolein and acetone 20 and 60 ng and for acetaldehyde 10 and 30 ng.  
 
Statistical analysis 
Statistical calculations were performed using Statistica 12.0 Software (Statsoft, Inc, US). T-tests 
were performed to explore differences between mean carbonyl levels in aerosols generated from 
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the 6 and 24 mg/mL puffing conditions.  For aerosol yield means, since t-test assumptions were 
not met, U-Mann-Whitney tests were performed.   
 
RESULTS 
 
Carbonyl compounds in liquids 
Results for carbonyls in liquids are presented in ng/50 µL. Acrolein was not detected. 
Formaldehyde was not detected in the 6 mg/mL e-liquid and was below level of quantification 
(BLQ) in the 24 mg/mL e-liquids. Acetaldehyde was detected in ranges of 60-80 and 40-70 
ng/50 µL in 6 and 24 mg/mL e-liquids respectively. Acetone was below the limit of 
quantification in 6 mg/mL e-liquids and in range of BLQ - 90 ng/50 µL in 24 mg/mL e-liquids.   
 
Carbonyl compounds in aerosols 
Results are presented in mg and ng per one puff (that is, levels of carbonyls divided by 14) and 
also multiplied by the mean number of puffs taken by users to represent the one hour of e-
cigarette use as per the human topography data: 74 and 47 puffs in the 6 and 24 mg/mL nicotine 
e-liquid conditions respectively.  Table 2 shows the amount of each analysed carbonyl compound 
and e-liquid vaporised in one puff from 6 and 24 mg/mL nicotine e-liquids. Acrolein was not 
detected. Formaldehyde, acetaldehyde and acetone were found in all tested aerosols.  
The puffing regimen associated with the 6 mg/mL e-liquid resulted in a 52% increase in aerosol 
per puff and 45% more formaldehyde, 33% more acetaldehyde and 65% more acetone. These 
differences were statistically significant: for the aerosol yield p = 0.005 (U Mann-Whitney test), 
formaldehyde p = 0.03, acetaldehyde p = 0.01 and acetone p = 0.04 (t-tests).  
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When the results were multiplied by the number of puffs taken by participants per hour (74 and 
47 puffs per hour for the 6 and 24 mg/mL e-liquids respectively) the differences in values further 
increased (see Table 2; all p values <0.01).  
 
 
 
DISCUSSION 
This study is the first to explore whether a more intensive puffing regimen associated 
with using a low nicotine concentration liquid (6 mg/mL) led to increased carbonyl formation 
compared with a puffing regimen associated with a high nicotine concentration liquid (24 
mg/mL). In line with previous studies which found increased levels of toxicants from ‘low tar 
low nicotine yield’ compared to ‘regular’ cigarettes in tobacco smoke,6 the current study suggests 
that compensatory puffing by vapers may increase exposure to carbonyl compounds. Levels of 
formaldehyde, acetaldehyde and acetone measured in aerosols were greater with puffing 
regimens associated with the 6 mg/mL nicotine liquid compared with the 24 mg/mL nicotine 
liquid. Consistent with a previous report,18 acrolein was not detected in either nicotine liquid 
aerosols including in the more intensive puffing regimen condition. This is also in agreement 
with recent findings where acrolein could only be detected when output battery voltage was 
increased to 20 W.16  Due to its long term adverse health effects21,22 and reactivity when in 
contact with glycerine, the presence of acrolein in e-liquid has been a concern. Our data confirms 
that even under the compensatory puffing regimen at 6 mg/mL, acrolein is not produced. 
Similar to previous studies,23 levels of carbonyls in both nicotine concentration liquids 
were minimal compared to levels found in generated aerosols. Indeed, many chemicals are not 
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present in the original nicotine liquids but are produced as by-products of the liquid oxidation 
when converting to aerosol form.24 Notably, previous studies found propylene glycol-based 
liquids have a greater propensity to increase levels of carbonyls formation due to its higher 
susceptibility to thermal degradation.25 Similarly, Bekki and colleagues report potential risks of 
formaldehyde, acetaldehyde and acrolein formation when propylene glycol and glycerol 
respectively, come in contact with a heated nichrome coil.24,26 Puffing topography and nicotine 
concentration have been identified as clear influencers of e-cigarette emission particles,27 and a 
recent laboratory study found that puff duration and inter-puff intervals (hereafter referred to as 
IPI) were key factors influencing aerosol yields.28 Our study also provides clear evidence that 
puffing topography influences e-cigarette aerosol yields.  Here, levels of the aerosol yields per 
one puff were 52% higher with the puffing regimen associated with the 6 compared with the 24 
mg/mL condition.  Relatedly, the 6 mg/mL e-liquid condition resulted in 45% more 
formaldehyde, 33% more acetaldehyde and 65% more acetone. These differences further 
increased when total number of puffs were taken into account.  Thus, longer puff duration and 
shorter IPIs associated with the use of the 6mg/mL nicotine concentration e-liquid contribute to 
an increase in aerosol yield and higher levels of formaldehyde, acetaldehyde and acetone in 
aerosol. Nevertheless, whether the increased generation of carbonyls was a sole consequence of 
increased dosing or if a higher temperature associated with longer puff durations also contributed 
is unclear. Ascertaining the interacting determinants of increased carbonyl exposure is clearly a 
priority for further research.   
Our findings reinforce the notion that realistic puffing protocols (puffing duration and 
frequency) used to generate e-cigarette aerosols in smoking machines are key parameters in 
detecting the presence of carbonyls. However, comparing levels of carbonyls reported previously 
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is problematic. The wide variability of carbonyl levels found in e-cigarette aerosols across 
previous studies may be partly due to: i) the use of differing puffing protocols, ii) different e-
cigarette devices, iii) in some cases different trapping techniques, iv) different specification 
smoking machines. For instance, whilst some employed a series of 15 puffs per session with a 
puffing protocol of 1.8s puff duration and IPIs ranging from 10-17s to analyse first and second 
generation devices13,18 others used 10 puffs per session, a series of 2s24 or 3s16 puff duration with 
IPIs of 30s to analyse first and third generation devices respectively. Herrington and Myers23 
configured their smoking machine with series of 10 puffs per session, with longer puff duration 
of 4s and shorter IPIs of 10s to analyse first generation e-cigarettes. The use of uniform puffing 
protocols presents further problems as previous studies show that vapers’ puffing patterns differ 
widely across types of e-cigarettes.29 Indeed, such uniform puffing protocols fail to account for 
the wide variability of use across e-cigarette devices and compensatory puffing patterns exerted 
with different nicotine concentrations and in turn, do not reflect realistic use or true puffing 
topography. A key strength of the current study was the use of puffing regimens collected from a 
sample of human participants rather than hypothetical puffing scenarios. Given that puffing 
topography (puff duration and frequency) is a key determinant of nicotine delivery and correlates 
highly with blood nicotine absorption,12 adopting the puffing parameters employed in the current 
study would strengthen the validity and generalizability of future studies investigating potential 
exposure of carbonyls in e-cigarette aerosols.   
Although levels of carbonyls were greater in aerosols from the low nicotine 
concentration, these levels were still much lower than those reported in tobacco smoke even 
when comparing one hour of e-cigarette use with one cigarette smoked. Using the ISO Standard 
3402 regimen (1999, cited in Counts, Morton, Laffoon, Cox, & Lipowicz, 2005), previous 
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studies found levels between 2 and 50 µg, 30 and 650 µg, and 2.5 to 60 µg generated per one 
cigarette in formaldehyde, acetaldehyde and acrolein respectively.30                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
 The current study must be interpreted in light of the following limitations. The eVic does 
not capture puff flow rate and puff volume, consequently these variables could not be 
incorporated into the smoking machine settings. Nevertheless, studies found that puffing 
volume28 and puff velocity alone do not affect e-liquid evaporation.31 Secondly, our analysis is 
confined to the four major selected carbonyls commonly reported in the literature,13,15,16,18 thus 
our findings must not be confounded with other carbonyls or toxicants possible in e-cigarette 
aerosols. Thirdly, previous studies found that PG/VG (propylene glycol to vegetable glycerine) 
ratio can influence carbonyls formation in smoking machines,18 and may alter puffing 
topographies. Here we kept this constant at > 60% PG vehicle for both nicotine solutions 
however, the e-liquids were not tested to verify PG/VG ratio or nicotine content.  Fourthly, here 
we aimed to replicate human puffing topography observed in our earlier study, using the same e-
cigarette device and tobacco flavour nicotine liquid, with group averages for puff duration and 
IPI. Other flavours32, device types and settings may influence the levels of carbonyls in the 
aerosol and indeed, may be associated with different puffing topographies within and between 
individuals.29 Lastly, controlled clinical experiments may not reflect real-world puffing 
behaviour;33 future studies would therefore benefit from using ‘real life’ puffing patterns and 
individual data. Although fixed device settings allow a high degree of experimental control, this 
may not reflect later generation e-cigarette use outside of the clinic. Notably given the rise in the 
uptake of subohming (the use of newer generation devices mounted with atomisers of less than 1 
Ohm), users commonly reduce their e-liquid nicotine concentration whilst increasing wattage34 
which may in turn influence users exposure to carbonyls and other HPHS. Overall, although in 
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need of replication in a larger sample outside of a clinic setting, this is the first study to provide 
data on the potential risks of compensatory puffing behaviours in vapers based on actual, rather 
than hypothetical, puffing patterns.  
Using real puffing topography data from a sample of experienced vapers, this study is, to 
our knowledge, the first to provide empirical evidence that more intensive puffing regimens, as 
observed in vapers using a lower nicotine strength liquid, may lead to an increase in exposure to 
inhaled carbonyl compounds. The cap on nicotine concentration at 20 mg/mL set by the EU-TPD 
may therefore have the unintended consequence of encouraging use of lower nicotine containing 
e-liquid which in turn, may increase exposure to carbonyl compounds through compensatory 
puffing. Although in need of replication outside of a laboratory setting and with a wider range of 
nicotine concentration e-liquids, this study suggests that future regulatory decision makers 
should carefully consider where to set the upper limit on nicotine e-liquid concentrations.  
 
 
Table 1. Puffing regimens 
Nicotine 
concentration 
Puff duration Inter-puff 
Interval 
Number of 
puffs 
Amount of liquid 
consumed [g] 
6 mg/mL 5.04s 44.3s 74 1.06 
24 mg/mL 3.76s 74.5s 47 0.344 
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Table 2. Levels of aerosol and carbonyl compound yields generated from 6 and 24 mg/mL 
nicotine e-liquids, per one puff and, for all puffs as per human topography data 
 
 
Aerosol yield and selected carbonyl 
compounds per puff 
6 mg/mL (5.04s puff) 24 mg/mL (3.76s puff) 
Level per puff [ng unless 
otherwise specified] 
Level per puff [ng unless 
otherwise specified] 
 yield [mg] Mean±SD 11.1±1.8  7.3±0.5  
 Median (Q1-Q3) 11.3 (9.1-12.9) 7.3 (6.9-7.7) 
Formaldehyde  Mean±SD 46.1±12.8  31.7±6.4  
 Median (Q1-Q3) 44.8 (35.0-52.4) 33.9 (28.8-35.7) 
Acetaldehyde  Mean±SD 29.3±4.9  22.1±2.7  
 Median (Q1-Q3) 29.5 (24.3-31.6) 22.2 (20.8-24.3) 
Acetone  Mean±SD 9.9±2.7  6.0±3.1  
 Median (Q1-Q3) 10.5 (7.9-11.6) 5.1 (4.0-6.9) 
Acrolein* Mean±SD ND ND 
Aerosol yield and selected carbonyl 
compounds for all puffs 
Level for all  
(74) puffs [µg unless 
otherwise specified] 
Level for all  
(47) puffs [µg unless 
otherwise specified] 
yield [mg] Mean±SD 822±137 342±22 
 Median (Q1-Q3) 835 (671-956) 342 (326-363) 
Formaldehyde Mean±SD 3.41±0.94 1.49±0.30 
 Median (Q1-Q3) 3.31 (2.59-3.88) 1.59 (1.35-1.68) 
Acetaldehyde Mean±SD 2.17±0.36 1.04±0.13 
 Median (Q1-Q3) 2.19 (1.80-2.34) 1.05 (0.98-1.14) 
Acetone Mean±SD 0.73±0.20 0.28±0.14 
 Median (Q1-Q3) 0.78 (0.58-0.86) 0.24 (0.19-0.32) 
Acrolein* Mean±SD ND ND 
Note: ng = nanogram; mg = milligram; µg = microgram; ND = not detected; All p values for 
aerosol yield and carbonyl compounds per puff were < 0.05.  All p values for aerosol yield and 
carbonyl compounds for all puffs were < 0.01;   
* statistical comparison between condition not conducted as carbonyl was ND.  
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